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ABSTRACT

The Differential Surface Refractameter (DSR) is an instruaent recently

developed at the Glass Research Division of the Pittsburgh Plate Glass

Ccmpany to detect and e~timate the stress in the surface layers of glass by

nondestructive means. This work shows a correlation betveen the instrument

readings and experimental break strength data for glass of different ccnposi-

tions and configurations. In addition, the utility and some of the limitations

of the instrmuent are discussed.

This report has been reviewed and is approved.

W. P. CONRARY, Chief
Materials Engineering Branch
Materials Applications DMvision
AF Materials Laboratory
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INTRODUCT ON

Numerous attempts have been made in the past to determine the strength
of tempered glass by nondestructive examination of the finished product.
The results of these attempts, however, were not accurate enough to be of
practical value and, in general, the strength of glass had to be found by
the destructive testing of a large number of samples. With the development
of the Differential Surface Refractometer, we believe the nondestructive
evaluation of the strength of tempered glass is now possible.

The br~akage of glass takes place under tension, and in general, the
degree of tension required to cause failure is controlled by the presence of
surface flaws. The surface condition has a considerable influence on the
strength Of glass; the stability of glass is dependent upon- the- magnitude
and distribution of these surface flaws so that under ordinary conditions, the
strength of a piece of glass is determined by the strength of its surface.
The dependence of strength on the distribution of flaws explains the large
variations obtained in -any determination of the modulus of rupture. Due to
this variation, the strength of glass is a property which has a meaning only
in a -statistical sense. Hence, in this sense, the strength of annealed glass
of a given production process can be expressed in terms of a critical or
basic tensile stress. The tempering of glass causes the surface to be
placed in a state of ccmpression- which has to be overcome before the glass
surface can be subjected to a tensile stress of sufficient magnitude to
cause failure. As -a result, the strength of glass is increased by the
presence of compressive stresses on the surface. This strength or modulus
of rupture of tempered glass may be assessed as the -sum of the basic strength,
i.e., -the -stress requiredc to cause failure in the absence of compressive
forces on the surface, plus the compressive stress induced by the tempering
process. Therefore, with a knowledge of the -basic strength, the ability to
measure the degree of surface compression present on glass by nondestructive
means would provide a method of determining glass strength.

Among the optical methods investigated over the past decade for the
nondestructive evaluation of the strength of tempered glass, surface refrac-
tometry was found to be particularly well suited for the quantitative measure-
ment of the surface compression of tempered glass. The Differential Surface
Refractometer (RSR), an instrument based on the principles of surface
refractometry(l , was recently developed at the Pittsburgh Plate Glass
Cmapany, Glass Research Center, expressly for this purpose. After suitable
calibration, the DSR is capable of measuring the degree of surface compression
present on tempered glass directly in pounds per square inch.

The primary intent of this report is to show a correlation between the
DSR and the strength of glass of various compositions and configurations
through the use of experimental break strength data obtained in the laboratory.
Specifically, the following table lists the types and thicknesses of glass
that were investigated:

Manuscript released by the author 5 June 19b4 for publication as an RTD
"* Technical Documentary Report.
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TABLE 1
GLASS TYPES INVESTIGATED

Thickness Degree of Temper
in Inches None (Annealed) 1/2 3/4 Full

1/1O to 3/16 E -. D and E
3/16 A A A A
1/4 A and B A and B A and B A and B
1/2 A and B A and B A and B A and B
3/4 A A

Legend: Type of Glass

A - Type I MIL-G-25667, polished plate glass obtained frcm Pittsburgh
Plate Glass Company.

B - Altmino Silicate, high strain point glass No. 6695 obtained from
Pittsburgh Plate Glass Company.

D - Chemcor, code 0311 glass obtained from Corning Glass Company.

E - Herculite II, No. 7265 glass obtained from Pittsburgh Plate
Glass Company.

In addition, the utility and some of the limitations of the DSR were
determined.

CORRELATION REQUIREMENTS

In order to correlate the readings of the DSR with the strength of
tempered glass it is necessary to determine the following information for
each glass type listed in Table 1:

(1) The DSR calibration value for the glass.

(2) The basic strength of the glass, i.e., the strength of the
glass in the annealed state.

(3) The degree of surface compression present on the tempered
glass by means of the DSR readings.

(4) The breaking strength, or modulus of rupture, of the tempered
glass.

From this data we would want to show the following equation to be valid
within the limits of experimental accuracy:

{ sic tR heading of Modulus ofStrengthl + Surface Compressionj ' f Rupture I
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Of course, the three components of this equation are to be interpreted
statistically and each component would represent the mean result obtained
in the examination of a number of samples.

PROCEDURE

Adaptation of the DSR to Other Glass Types

Since the DSR was originally designed to operate specifically on plate
and sheet glass of a given index range, some slight changes were required in
the basic design of the instrument to extend its use to the other glass types
investigated in this work. This was necessitated by the different indices
and/or the magnitudes of stress which are characteristic of the other glass
types. As a result, three different instruments were used in this study.
The basic design, the DSR, was used on Type I MIL-G-25667 glass (polished
plate); the Modified Differential Surface Refractometer-I, or MDSR-I, was
used for the measurement of surface compression on both Chemcor and Herculite
II; and, the MDSR-II was used for the examination of the Alumino Silicate
glass.

Calibration

The DSR, suitably modified for each glass type when required, was
calibrated by subjecting fully tempered samples to mechanical beam loading.
Loading was applied in suitable inc:rements; at each load increment, a
corresponding reading of the DSR instrument was made. The DSR reading was
compared with the induced stress calculated from beam bending theory. From
tlis data, the surface compression of the sample at zero load was estimated
using the method of least squares. Dividing the value obtained for the
surface compression at zero load by the DSR reading for the same condition
gives the instrument's calibration value, K, in psi per micrometer eyepiece
unit, for each sample.

In addition, the stress-optic constant for each glass type was determined
by measuring the difference between the surface refractive indices, n,, and
n1, for light polarized parallel and perpendicular to the surface of the
stressed sample, respectively. The stress-optic constant C, in psi per unit
birefringence, is given by

C =0 /n,, - n

where a is the surface laminar stress.

The difference n,, - n. used to calculate the stress-optic constant is
measu•ed directly with the DSR. This direct measurement of n, - n. is more
accurate, to at leastan order of magnitude, than the measurement of n, and

n, separately and then forming the difference. The separate surface indices
were also measured, however, to give an indication of their relative values.
These results are summarized below in Table 2.
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TABLE 2
SUMARIZED MEAN CALIBRATION RESULTS

[Calibration Stress-Optic
Surface Value, K. Constant**., Surface
Stress psi/Eyepiece Standard C, psi/Unit Indices

Glass Type Instrument Unit Deviation Birefringence n_, 2&

Type I DSR 60.18- o.41 5.4 x 107 1,5246 1.5250
MIL-G-25667

Chemcor MDSR-I 173.4 * 13. 4.4 x 107 1.5121 1.5130Alumino MDSR-II 167.2 * 2.5 .8xO 1.5576 1.5580
Silicate

Herculite II MDSR.I 189.3 * 11. 5.0 x 107 1.5142 1.5153

*The relative differences in the magnitudes of the calibration values listed

here are, to a great extent, accounted for by a difference of telescope power
between the DSR and its modified forms.

**The stress-optic constants listed here represent values obtained by examining
the surface layers of each type glass. These values may be different frcm
those obtained by examining the bulk material. This would be especially true
for Chemcor and Herculite II.

The methods used in determining the surface refractive indices and their
differences, and the details of the calibration procedure are contained in
Appendix I. Detailed results are listed in Table 6 of Appendix I.

Sample Preparation

All specimens, with the exception of Chemcor, were made from regular
production glass fram the Pittsburgh Plate Glass Ccmpany. The cutting was
handled by normal plant methods with an added stipulation that all cutt~ing
be made fran the same surface. These samples were tempered at the Glass
Research Center in accordance with Table 1. No edge work was performed on
these samples. The Chemcor samples were obtained fully tempered from the
Corning Glass Company. These samples were received with the edges ground
to a rounded contour.

In general, 25 specimens were prepared for each category listed in
Table 1. Approximately twice this amount, however, were prepared for the
testing of the Chemcor and Herculite II glass types.

The glass surfaces vere carefully protected against mechanical damage
during preparation of the specimens and during measurements. Paper was
placed between each sample and its neighbor in order to avoid surface defects
frcm glass to glass contact. The thickness was measured at the corners
without touching the central portion of the specimen. Width measurements,
when required, were taken with equal care.

4



Surface Compression Via DSR Readings

DSR readings were made in the center of each tempered sample on the
surface with the cutter marks. The surface on which the DSR readings were
made was the side that would be under compression during the destructive
tests. This was done in order to eliminate the possibility of affecting the
results of the destructive testing by contacting, and possibly damaging,
the side to be placed under tension. It was assumed that the surface stress
in the central portion of each sample would be essentially isotropic and
equal from side to side. No less than four, and in general, five readings
were made on each sample and the average value was used, by means of the
calibration value, to determine the surface compression in psi.

Center Tension Measurements

Although not required in this investigation, center tension measurements
were made to provide additional information for those accustomed to gaging
the degree of temper by this means. -Measurements were made- using-a quartz
wedge graduated to read relative retardation in-millimicrons. For the
strips, 3 x 13 in-., the measurements were made across the width in the center
of each sample. The square samples were measured across diagonally opposite*
corners, along a 2 in. optical path for the 6-1/8 -in. squares, and along
a 4 in. optical -path for the 12-i/4 in. square samples. The 4 in. squares of
Chemcor and Herculite II were measured through the whole width of the samples.
S This data was converted to psi by using the following conversion factors
nrovided by the manufacturers.

TABLE 3
BIREFRINGECE CONSTANTS

Manufacturer and Birefringence Constant
Glass Type Code Number psi/mmu/in.

Type I MIL-G-25667 PPG Polished Plate 2.13
Chemcor Corning 0311 2.28
Alumino Silicate PPG 6695 2.17
Herculite II PPG 7265 2.26

Using this information of the center tension and the values obtained
for the surface compression via the DSR, the ratio of the surface compression
to the center tension was calculated for each type glass in their various
states of temper. These results are summarized in Table 4. More detailed
information is contained in Appendix II, Individual Testing Results.

Destructive Strength Tests

The strength of the annealed and tempered specimens was measured by
either a modified beam loading method or a concentric ring method. Both of
these testing methods have been in use at the Glass Research Center for the
past 15 to 20 years. The beam loading method involves loading to breakage,
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rectangular specimens simply supported near each end and loaded at two
points symmetrically placed about the center. In the concentric ring
method, a square plate is loaded by a circular member which moves coaxially
to a support ring. The details of these methods are contained in Appendix I.

DESTRUCTIVE STRENGTH TEST RESULTS AND CORRELATION

Results

The results of the destructive strength tests and the results of the
measurements of the surface compression. and center tension are summarized in
Table 4. The results listed in this table indicate that the principle of
surface refractcmetry, as used in the DSR, the MDSR-I, and the MDSR-II, to
measure surface compression of tempered glass is capable of predicting the
breaking strength to within +10% for seventy per cent of the samples tested
and to within +15% for the entire testing program. The average of the
percentage deviation from breaking stress is -2.6% with the sign of the
deviation taken into account. The mean of the absolute values of the per
cent deviation, however, is 8.1%.

Tables of individual testing results are contained in Appendix II.

Discussion of Results

The agreement of the equation

f~Basic +l DSR Reading of. _ Modulus ofj
trengthJ {Surface Ccmpressionj Rupture J

to within 10% certainly indicates the validity of surface refractcmetry, as
exemplified in the stress instruments used in this study, as a means of
assessing the strength of tempered glass. With instrumentation of this
type, it is now possible to specify and control the strength of tempered
glass of a given production process without the need of extensive destructive
testing. That is, once a DSR instrument has been cailbrated for a particular
glass and the basic strength of this glass determined, this report shows that
the strength of the tempered product can be determined nondestructively with
statistical certainty.

CONCLUSIONS

The Differential Surface Refractcmeter, an instrument based on the prin-
ciples of surface refractcmetry, and modifications of this instrument as
required to extend its usefulness to other glass types, is capable of deter-
mining the magnitude of the surface compression, in psi, present on tempered
glass by nondestructive means. Since the strength of glass is dependent upon
the strength of its surface, this ability to measure the surface compression
of tempered glass enables one to assess the strength of this glass without
the need for destructive tests.

6



This report has demonstrated the correlation of the DSR readings -with the

strength of tempered glass of four dilierent c .posi..iom n. ver.ety....

figurations. Specifically, the glass types and the stress instruments which

were correlated are:

Type I MIL-G-25667 glass, PPG Polished Plate, and the DSR;

Chemcor Glass, Corning Glass Company Code 0311, and the MDSR-I;

I{erculite II Glass, PPG No. (265, and the MDSR-I;

Alumino Silicate, PPG No. 6695, and the MDSR-II.
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SU)OMARIZED DESTRUCTIVE STRENGTH TEST REST

FRAiES Number Number
of of Mean

kEdge Testing Center
Breaks insl Tension

Cheatcor 1 0 1/10 x + x 4 CR 1-1/2 x 3 6530
Herculite II, Annealed 0 1/10 x 4 x 4 CR 1-1/2 x 3 30
Herculite Il 51 0 1/10 x 4 x 4 CR 1-1/2 x 3 6950
Polished Plate, Annealed 2j 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6
Polished Kate, Annealed 2 0 1b x 6-1/8 x 6-1/8 CR 3 x 6
Polished Plate, Annealed 29 16 1/2 x 6-1/8 x 6-1/8 CR 3 x 6
Polished Plate, Annealed - - Same data as above but neglecting edge breaks
Polished Plate, Annealed 22 13 3/A x 6-1/8 x 6-1/8 CR 3 x 6
Polished Plate, Annealed - - Same data as above but neglecting edge breaks
Polished Plate, Annealed 29 0 1/2 x 12-lb x 12-1/ CR 6 x 12 235
Polished Plate, Annealed 31 4 3/4 x 12-1l x 12-1/ CR 6 x 12 311
Polished Plate, 1/2 Temper 28 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6
Polished Plate, 1/2 Temper 25 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 1060
Polished Plate, 1/2 Temper 25 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 4310
Polishe Plate, 1/2 Temper 26 0 1/2 x 12-1l x 12-1/ CR 6 x 12 U80
Polished Plate, 3/4 Temper 25 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6
Polished Plate, 3A Temper 26 0 lb x 6-1/8 x 6-1/8 CR 3 x 6 6430
Polished Plate, 3A/ Temper 27 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 5090
Polished Plate, 3/4 Temper 27 0 1/2 x 1-1/2 x b 2-1/ CR 6 x 12 5J20
Polished Plate, l Temper 27 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6 6170
Polished Plate, Full Temper 25 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 7160
Polished Plate, Full Temper 26 3 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 7850
Polished Plate, Full Temper - - Sam. data as above but neglecting edge breaks
Polished Plate, Full Temper 25 7 3/4 x 6-1/8 x 6-1/8 CR 3 x 6 8190
Polished Plate, Full Tonper - - Same data as above but neglecting edge breaks
Polished Plate, Full Temper 25 0 1/2 x 12-1/4 x 12-1/4 CR 6 x 12 48o
Polished Plate, Full Temper 26 0 3/4 x 12-1/4 x 12-1/4 CR 6 x 12 ROO
AluslAo Silicate, Annealed 25 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 225
Alilaino Silicate, Annealed 22 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 343
Alimlno Silicate, 1/2 Temper 22 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 397o
Almino 31licate, 1/2 Temper 21 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 3480
Alvnino Silicate, 3A Temper 20 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 5190
Altmino Silicate, n/ Temper 21 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 5540
AlumLno Silicate, Full Temper 21 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 7450
Albnio Silicate Full Temper 21 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 7 00
Polished Plate, Annealed 31 6 3/16 x 3 x 13 Beam 4 x 12 147
Polished Plate, Annealed 28 13 1/4 x 3 x 13 Beam 4 x 12 11+2
Polished Plate, Annealed 28 11 1/2 x 3 x 13 Beam 4 x 12 256
Polished Plate, Annealed 2Z 25 3/4 x 3 x 13 Beam 4 x 12 171
Polished Plate, 1/2 Temper 2 12 3/16 x 3 x 13 Beam 4 x 12 4030
Polished Plate, 1/2 Temper 25 21 1/4 x 3 x 13 Beam 4 x 12 4030
Polished Plate, 1/2 Temper 25 16 1/2 x 3 x 13 Beam 4 x 12 4360
Polished Plate, 3/4 Temper 25 11 3/16 x 3 x 13 Beam 4 x 12 5320
Polished Plate, 3/ Temper 25 24 1/4 x 3 x 13 Beam 4 x 12 5230
Polised Plate, 3/4 Temper 27 17 1/2 x 3 x 13 Beam 4 x 12 5290
Polished Plate, Pull Temper 23 20 3/16 x 3 x 13 Beam 4 x 12 7700
Polished Plate, Full Temper 25 23 1/41 3 x 13 Beam 4 x 12 7370
Polished Plate, Full Temper 25 13 1/2 x 3 x 13 Beam 4 x 12 86 0
Polished Plate, Full Temper 26 15 3/4 x 3 x 13 Beam 4 x 12 9640

Legends CR - Concentric Ring Method, numbers folloving CR indicate the diameter of the rings In inct

Beam - Beam Loading Method, numbers following Beam indicate stress span and load span in inc
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TABLE 4
,RUCTIVE STRENGTH TEST RESULTS AND CORRELATION

Mean
Surface

Mean Mean on Mean Basic Strength
Testing Center Surface Center Breaking Standard Plus Surface
Method Tension Comgreinn Ratio Stress Deviation Ranze :omuression

CR 1-1/2 x 3 6530 4,5770 7.07 51180 7230 28200
CR 1-1/2 x 3 30 11330 2780 11300
CR 1-1/2 x 3 6950 56970 8.21 67010 65+0 40000 71300
CR 3 x 6 10020 2310 9600
CR 3 x 6 9270 2080 8900
CR 3 x 6 7930 3090 9800

ieglecting edge breaks 10760 2430 9000
CR 3 x 6 7410 4020 i•400
ieglecting edge breaks 9580 4150 1 700
CR 6 x 12 235 10740 1200 4900
CR 6 x 12 311 10570 2890 10200
CR 3 x 6 8680 17980 3130 13000 18700
CR 3 x 6 4060 9800 2.41 21980 2560 9800 19070
CR 3 x 6 4310 9240 2.14 23420 4.310 16900 20000
CR 6 x 12 4480 9920 2.22 23510 2150 7900 20660
CR 3 x 6 11160 22040 2620 11400 21180CR 3 x 6 6430 15900 2.47 29360 310 11+100 25170
CR 3 x 6 5090 12540 2.47 27090 3380 14600 23300
CR6 x 12 5320 12910 2.42 27460 2880 11500 23650
CR 3 x 6 6870 15270 2.22 26370 3280 13000 25290
CR 3 x 6 7160 17300 2.42 30780 2480 10100 26570
CR 3 x 6 7850 18980 2.32 29920 271+00 26910
ieglecting edge breaks 310o 4544 151+00 2971+0

CR 3 x 6 8190 23770 2.90 32060 11190 3R800 31180
ieglecting edge breaks 36930 7640 28400 33350
CR 6 x 12 7410 18810 2 32610 3350 14600 29550
CR 6 x 12 8100 23370 2:. 35990 0 12000 33940
CR 3 x 6 225 10920 180 7200
CR 3x6 343 10970 1280 o000
CR 3 x 6 3970 10340 2.61 19350 1830 8500 21260
CR 3 x 6 3480 10920 3.14 20790 2180 7300 21890
CR 3 x 6 5190 13410 2.58 24340 1780 7 00 24330
CR 3 x 6 5540 17500 3.15 25690 3500 12000 2870
CR 3 x 6 7750 21150 2.73 30630 2220 10700 32070
CR 3 x 6 7400 23080 3.12 30250 31+10 14200 31+050
Beam 4 x 12 147 10940 2610 10400
Beam 4 x 12 142 9050 1920 7200
Beam 4 x 12 256 121+10 2260 11000
Beam 4 x 12 171 6670 3410 161.00
Beam 4 x 12 4030 9370 2.31 21570 2080 7800 20310
Beam 4 x 12 40O30 9380- 2.33 20250 2780 10500 18430
Beam 4 x 12 4360 10570 2. 2 21470 2510 1040 22980
Beam 4 x 12 5320 11700 2.19 23750 2750 11100 22640
Beam 4 x 12 5230 11860 2.27 20360 2630 10700 20910
Beam 4 x 12 5290 13080 2.47 24590 3230 15900 25290
Beam 4 x 12 7700 17160 2.22 27040 2190 9700 28100
Beam 4 x 12 7350 17210 2 .2 23700 2800 9700 26260
Beam 4 x 12 86 0 21430 2:48 30860 3240 13100 33840
Beam 4 x 12 9610 26830 2.78 36500 3690 16300 33500

.ameter of the rings in inches.

:s span and load span in inches.
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TABLE 4
SUO4ARIZED DESTRUCTIVE STRENGTH TEST RESULTS AND CORRELAI

Number Number Su
of of Mean Mean

" Edge Testing Center Surface Cei
Teste Brks Sample Mt Tensig on2 in L

0 1/10 x 4 x 4 CR 1-1/2 x 3 6530 1+5770 7.
inealed 0 1/10 x 1 x 4 CR 1-1/2 x 3 30

51 0 1/10 x 4 x 4 CR 1-1/2 x 3 6950 56970 8.
Annealed 27 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6
Annealed 2i 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6
Annealed 29 16 1/2 x 6-1/8 x 6-1/8 CR 3 x 6
Annealed - - Same data as above but neglecting edge breaks
Annealed 22 13 3/4 x 6-1/8 x 6-1/8 CR 3 x 6
Annealed - - Same data as above but neglecting edge breaks
%nnealed 29 0 1/2 x 12-1/. x 12-1/4 CR 6 x 12 235
Annealed 31 1+ 3/4 x 12-1/4 x 12-1/4 CR 6 x 12 311
1/2 Temper 28 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6 8680
L/2 Temper 25 0 1/4 x 6-1/8 x 6-1/8 CR 3 x 6 1+060 9800 2.
1/2 Temper 2 0 1/2 x 6-1/8 x 6-1/8 CR x6 4310 921+0 2.

-. 1/2 Temper 2 0 1/2 x 12-1/4 x 12-1/4 CRA x12 4480 9920 2.
3/4 Temper 2 0 3/16 x 6-1/8 x 6-1/8 CR 3 x 6 11160
3/ Temper2 0 I/4 x 6-1/8 x 6-1/8 CR 3 x 6 6430 15900 2.
3/ Temper 27 0 1/2 x6-1/8 x 6-1/8 CR3 x6 5090 12540 2.
3/4 Temper 27 0 1/2 x 12-1/ x 12-1/A CR 6 x 12 5J20 12910 2.
;'ull Temper 27 0 3/16 x 6-1/8-x 6-1/8 CA 3 x 6 6570 15270 2.
.ull Temper 2'0 1/4 x 6-1/8 x 6-1/8 CR 3 :6 7160 17300 2.
?ull Temper 26 3 1/2 x 6-1/8 x 6-1/8 CR3 :6 7850 18980 2
lull Temper - Same data as above but negleoting edge breaks
Pull Tosper 25 7 3/4 x 6-1/8 x 6-1/8 C1 3 x 6 8190 23770 2.
ull Temper - - Same data as above but neglecting edge breaks
"ull Temper 2 0 1/2 x 12-1/ 4 x 12-1/ 4  CR 6 x 12 440 18810 2.
'till Temper 2 0 3/4 x 12-1/4 x 12-1/4 CR 6 x 12 :100 23370 2.

Annealed 25 0 !A x 6-1/8 x6-1/13 CR 3 x6 225
Annealed 22 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 33
,12 Temper 22 0 1/4 x 6-1/8 x 6-1/8 CA 3 x 6 3970 10340 2.
1/2 Temper 21 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 3490 10920
3/4 Temper 20 0 1/4 2 6-1/8 x 6-1/8 CR 3 x 6 5190 13410
Y4 Temper 21 0 1/2 x 6-1/8 x 6-1/8 CR 3 x 6 5540 17500 3.
Ful• Temper 21 0 1/A 6-1/8 x 6-1/8 CR 3 x 6 7750 2150 2.
Full Temper 21 0 1/2 x 6-1/8 : 6-1/8 CR 3 x 6 7400 2300 3.

inn•eled 31 6 3/16 : 3 : 13 Bea 4 • 12 11+7
knneeled 28 13 1/4 x 3 x 13 Beam 4 x 12 11+2
annealed 28 11 1/2 x 3 x 13 Beam 4 • 12 256
nnealed 2 25 34 3 13 Beam 1+ 2 171
/2 Temper 25 12 3/16 : 3 x 13 Beam 4 x 12 4030 9370/2 Temper 25 21 1/4 • 3 • 13 Boaz 4+ x 12 4030 93802"
/2 Temper 25 16 1/2 x 3 x 13 Beam 4 x 12 4360 10570 2.1
1/4 Temper 25 11 3/16 2 3 x 13 Beam 4 x 12 5320 11700
'/4 Temper 25 24 1/4 • 3 x 13 Beam 4 x 12 5230 11860
/14 Temper 27 17 1/2 x 3 x 13 Beam 4 x 12 5290 13080

"*tll Temper 23 20 3/16 x 3 x 13 Beam 4 x 12 7700 17160
•'ull Temper 25 23 1/4 x 3 x 13 Beam 4 x 12 7350 17210
-'ul. Temper 25 13 1/2 x 3 x 13 Beam 4+ x 12 8640 21130
"*ull Temper 26 15 3/4 x 3 x 13 Beam 4 x 12 964o 26830

zentric Ring Method, numbers folloving CR Indicate the diameter of the rings in inches.

sear Loading Method, nmbers following Beam indicate stress span and load span in inches.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _8



BLE 4

GTH TEST RESULTS AND CORRELATION

MeanSurface % Deviation

Mean Mean on Mean Basic Strength fromCenter Surface Center Breaking Standard Plus Surface Breaking
Tension rDresg n Ratio. . Stress Deviation Range Zomoression Stress

6530 45770 7.07 51180 7230 28200
30 14330 2780 11300

6950 56970 8.21 67010 6540 40000 71300 + 6.4
10020 2310 9600

9270 2080 8900
7930 3090 9800

3 breaks 10760 2430 9000
7410 4020 15400Sbreaks 9580 4150 14700

235 10740 1200 4900
311 10570 2890 10200

8680 17980 3130 13000 18700 + 4.0
4360 9800 2.41 21980 2560 9800 19070 -13.2
4310 9240 2.14 23420 4310 16900 20000 -14.6
280 9920 2.22 23510 2150 7?00 20660 -12.1

11160 22040 2620 3.1 00 21180 : .96430 15900 2.47 29360 3110 14100 25170 -14.3
5090 12540 2.47 27090 3380 14600 23300 -11.o
5320 12910 2.42 27460 2880 11500 23350 -14.9
6870 15270 2.22 26370 3280 13000 25290-.1
7160 17300 2.42 30780 2180 10100 26570 -13.7
7850 18980 2.32 29920 1 27400 26910 -10.1

breaks 31930 15400 29740 - 6.9
8190 23770 2.90 32060 1190 35800 31180 - 2.8

breaks 36930 7640 2.00 33350 -9
M44o 18810 2 32610 3350 14600 29550 9z

23370 35990 39 12000 339 0 5.7
225 10920 1?40 7200
343 10970 1280 0003970 10340 2.61 19350 1830 9500 21260 + 9.9

3450 10920 3.14 20790 2150 73O0 21890 + 5.3
5190 13410 2.58 24340 1780 7o00 2+330 +. 0.1
5540 17500 3.15 25690 3500 12000 25470 .10.8
7750 2115o 2.73 30630 2220 10700 32070 * 4.7
7400 23080 3.12 302 0 3410 14200 34050 +12.6

147 10940 2610 10400
142 9050 1920 7200
256 12410 2260 11000
171 6670 3410 16400

4030 9370 2.31 21570 2080 7800 20310 - 5.9
4030 9380 2.33 20250 2780 10500 18430 - 9.0
4360 10570 2.42 21470 2510 10400 22980 + 7.0
5320 11700 2.19 23750 2750 11100 22640 -. 7
5230 11860 2.27 20360 2630 10700 20910 + 2.7
5290 13080 2.47 24590 3230 15900 2490 + 3.7
7700 17160 2.22 270N0 2190 9700 28100 + 3.
7350 17210 2.32 23700 2800 9700 26260 +10.8
8640 21430 2.48 30560 3240 13100 33840 + 9.7
9640 26830 2.78 36500 3690 16300 33500 - 8.2

rings in inches.

id span in inches.
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STJDY CF LVIITATIONS

The limitations of the DSR, in its basic design, with respect to the
effects of curvature, waviness, edge proximity, and surface finish were
determined by direct examination. Initially it was assumed that glass
composition would not affect the limitations of the DSR and this work was
carried out using only Type I MIL-G-25667 glass. However, in the extension
of the basic design to the other glass types, especially Chemcor and Herculite
II, there is reason to believe that the limitations of the DSR may not, in
general, apply to the MDSR-I and MDSR-II instruments.

Curvature

The limitations of the DSR with respect to surface curvature were
determined on four basic surface types: (1) concave cylindrical; (2) convex
cylindrical; (3) concave spherical; and (4) convex spherical. In the case
of cylindrically bent glass the limitations must be established for two
orientations, one, when the optical axis of the instrument is oriented
parallel to the cylinder axis, and the other, when the optical axis is
orient' d perpendicular to the cylinder axis. Thus, a total of six cases
have *veen studied.

The limiting radius for each case was based on the quality of the stress
image observed in the DSR telescope, i.e., the point at which the image
quality deteriorates to a degree sufficient to affect the readability of the
instrument. Also, the radius of curvature at which the stress image disap-
pears, or beccm-s impractical to read due to large variations, was determined
in each case. The results of this study are listed in the following table:

TABLE 5
CURVATURE LIMITATIONS

Surface R1  R2

Concave Spherical 175 in. 100 in.
Convex Spherical 250 in. 125 in.
Concave Cylindrical parallel to Axis <5 in. -
Concave Cylindrical perpendicular to Axis 200 in. 150 in.
Convex Cylindrical parallel to Axis 100 in. 5 in.
Convex Cylindrical perpendicular t+ Axis 150 in. 100 in.

Legend:

R, - Radius of curvature at which stress image quality begins to
deteriorate.

R2 - Limiting radius of curvature

* - This limit has not been estaU--shed but would be less than 5.
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At the limiting radius, R,, the stress image may be poor, but it is
still pT-^lt .... C -ne the -urCfae st.ress with a reasonab'_e amount of
accuracy. Beyond this point, the stress readings become Lznpract..i.a. with
the DSI in its pf-•ent design. The term "reasonable amount of accuracy" is
relative and may be given more meanring when considered in light of the
following remarks.

When several readings are taken withl the DSR at one location 3n a flat
sample of fully tempered glass, a variation in the readings of 2-3% is
normal. In the above work on curved surfaces, when the variation in readings
approached 10-15%, the author considered this to be "reasonably accurate".
Beyond this point, the usefulness of the DSR, in its present design, would
have to be determined by the application.

The variation in readings is not affected by a deterioration of the
stress image as much as by a tendency to wobble or reck on the curved surfaces.
This rocking can be correcCLed by proper changes in the design of' the D IT

instrument.

Other Limitations

The limitations of the DSR with respect to waviness, edge proximity,
and surface finish were determined for flat samples only. These results are
summarized below.

Waviness: This will not be a problem in the use of the DSR on air,;-aft
quality glass since the waviest sheet glass is readable.

Edge Proximity: The limitation on edge proximity is the prism contact
length, i.e., as lorg as the length of the prism is in contact, readings
may be made at the edge of a sample. When making readings at an edge,
however, it must be remembered that the stress is no longer isotropic in this
region and that the stress instrument reads the surface stress in a direction
900 to its optical axis.

Surface Finish: Short finish presents no problem - as the DSP is
capabTeof reading through surfaces ground to a matte finish with 800X
abrasive.

10
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DZTIAILED) PROuEDURE

CALIBRATION

Calibration Methods

Type I MIL-G-25667: The calibration of the DSR for Type I MIL-G-25667
glass (polished plate) was determined by subjecting 10 fully tempe--d samples,
of size 6 x 24 x 1/2 in., to beam bending using a Baldwin Testing Machine.
Each sample was simply supported, with a load span of 22 in. a. a stress
span of 6 in., in such a manner that the surface which would experience the
tension during the test was in a convenient position for examination with
the DSR. The DSR was placed on the sample in the area over the 6 in. stress
span and oriented to detect the resultant surface stress due to loading.
The DSR reads the surface stress in a direction 900 to the optical axis of
the instrument. At zero load the DSR reading corresponds to the magnitude
of the surface compression introduced during the tempering process. Loading
was applied in suitable increments until the burface being examined was in
tension; the degree of this tension was held to a level below the expected
rupture point in order to avoid sample failure. At each load increment,
the corresponding DSR reading was noted by taking several measurements.

The average DSR readings were then plotted against the surface stresses
calculated fram beam bending theory, see Calculation of Bending Stresses,
Appendix I. From this data, the surface compression at zero load was
determined by passing a line of least squares through the points recorded.
This value obtained for the surface compression at zero load divided by the
DSR reading for the same condition produced the calibration value, K, in
psi per micrcmeter eyepiece unit for each sample. The data for a typical
sample is illustrated in Figure 1. The linear relationship between the
surface compression and the DSR reading is quite evident in this illustration.

The results of examining these ten samples of Type I MIL-G-25667 glass
determined the mean calibration value of the DSR for this glass to be 60.18
psi per eyepiece unit with a standard deviation of 0.41. The stress-optic
constant, C, was found to be 5.4 x !07 psi per unit birefringence. This is
an average result for the ten samples.

The pertinent data of the calibration study for this and the other glass
types is contained in Table 6. Figures 1 through 4 illustrate the linear
relationship between the surface stress and the DSR readings for each type
glass.

Chemcor: The characteristics of this glass differ greatly from those
of polished plate for which the basic DSR was designed. Therefore a different
version of the DSR was required to measure the surface compression of this
glass. This version is termed the Modified Differential Surface Refractometer-I
or MDSR-I. Also, due to the sample size and thickness limitations at the
time this glass was procured, a considerably smaller sample in comparison
to the sample size of 6 x 24 x 1/2 in. used for polished plate, was used in

12



Applied strea s,
psi 22,000. Mean DSR

Y Applied Stres s-PSI Reading-Drum Divisions

S0 303.0
1823 268. 3

20,00 3646 233.8

5469 204.5
7292 179.0
9115 148.8

18,000- 10940 116. 3
12760 90.5
14580 64.5
16410 26.0

16,000- 18230 T 1.0
20050 T 28.2

Calibration Value K = 18, 223
To= 60.14

14,000 o303.0

12,000 -

10,000 - Line of Least Squares
y = -61. 25x + 18,223

8000 -

6000 -

4000 -
4,

2000

x

01
50 0 s0 100 IO 200 2501

Tension Compression DSR Readings, Micrometer Drum Divisions.

Figure I - Representative Calibration Results for Type I MIL-G-25667 Glass

(Polished Plate).
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Appli

the calibration procedure. The size was nominally 2 x 7 x 1/8 in. Twenty

samples of fully tempered Chemcor were examined by subjecting them to beam
bend•.n•g with a ld span of 6 in. and a stress span of 2 in. Loading was
applied using a Instron Testing Machine. Due to the small sazrple thickness,
it was not possible to continue taking MDSR-I readings until the surface
was placed in tension as was done in the calibration of Type I MIL-G-25667
glass. The sample curvature became excessive after atout 2/3 of the
surface ccmpression was removed by loading with a subsequent deterioration
in the quality of the stress image. As a result of this deterioration,
loading had to be discontinued before the surface was placed in tension.
Consequently, the surface compression at zero load had to be determined by
extrapolating the line of least squares for the points recorded. This need
to extrapolate introduced a greater variation in the results as evidenced by
a larger standard deviation in comparison with the results for Type I MIL-G-
25667 glass. The results of examining these twenty samples of Chemcor glass
determined the mean calibration value for the MDSR-I to be 173."A psi per
eyepiece unit with a standard deviation of 13. The stress optic constant, C,
for the surface layers of this glass was fcund to be 4.4 x 107 psi/Unit
bilrefringence.

As in the case of the Type I MIL-G-25667 glass, there is a strong linear
relationship between the surface compression and the MDSR-I readings for
Chemcor glass, see Figure 2.

Alumino Silicate: The characteristics of this glass also differ frcm
those of polished plate to a degree sufficient to require a different version
of the DSR in order to measure the surface compression. This model is termed
the Modified Differential Surface Refractcmeter-II or MDSR-II. Otherwise
the calibration procedure was identical to that described for the calibration
of Type I PIIL-G-25667 glass. Ten fully tempered samples 6 x 24 x 1/2 in.
were examined. The mean calibration value of the MDSR-.II for this glass was
determined to be 167.2 psi per eyepiece unit with a standard deviation of
2.5. Figure 3 contains an illustration of the calibration results of a
typical sample.

Herculite II: The same version of stress instrument as used on Chemcor,
the NMSR'I, was used in determining the calibration value of this glass.
The same procedure and technique as used with the Chemcor glass was applied
here. Twenty samples, 2 x 7 x 3/16 in., of fully tempered Herculite II were
examined. The mean calibration value of this data is 189.3 psi per eyepiece
unit with a standard deviation of i1. The calibration result, for a typical
sample are illustrated in Figure 4. Further data is contained in Table 6.

Index Measurements

The surface refractive indices, ne, and n,, for light polarized Xilel
and perpendicular to the surface of the sample, respectively, were m( -ed
for all calibration samples, see Table 6. The surface indices for tLe l'arge,
6 x 24 in., samples were measured using the corresponding stress instrUment
for that glass. Surface refractive indices can be measured with the stress
instrtuents by using a glass sample of known index as a reference. The
surface refractive index, n, of a sample can be readily determined by noting
the angle between the critically reflected image of the reference sample and
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Figure 2 - Representative Calibration Results for Chemcor Glass
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Figure 3 - Representative Calibration Results for Alumino Silicate Glass
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Figure 4 - Representative Calibration Results for Herculite II Glass
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TABL9 6
CALIBL.TIOX, SUIACE MrUo AND STraS OPTICAL CONSTANT RMSULT$

i Stroes Optic
I ~Costant

Surface Stressmeter Directlg Measured Calibration Value C x 100Stress, de*&ps' psi/unitstres Sa oprassion Ki!l1alae: K, Apsl/B'kepiee.

q 3 60.69 1.5251 1. 242
Tpe I 0 S6'7 25 3P- ?1 1Ty'pe 1 m"2667 051 p 18021 101.8 3:~ 1O6 1.R5 .Tipe I NIL-C-? 67 PP-I
Trype I MIL-G-2%667 DS0t 3165 .3 1. 250

.60 60.06 1.5250 1.1246
Type I MIL-1- 2667 8 PP- , 1, 2 '2.0 :61 60.' 1 .52.52•6Type I MIL-G-25667 OSPt pP 219 1.59 1.2. ,

316: ANN' Z2: 1:521*752
Meen Meon Meamn Mean
60.18 1.5250 1.5216 537

SD
0.1*1

•l1uaino Sliaete 1•SR-I! £3-1 2 851 1•*7.1, 1*.22 161.83 1.5580 1.5576 565tLuaino Silicate I•R-II A5q-2 2421 19..9 1,.12 173.82 1.5m80 1.5575 5
A t u m in o S il i ctee ~ ) 0 1- , ! £ 5 2 38 7 0 1 1 * 4. 6 4. 1 * 1 6 5. 3 6 1 . 5 5• 8 0 1 .5 7 65 7
AluT eno Sil icate ?6DSR ! - 0 12928 1165.2 1,.12 169..79 1. 570 1. 5576 576
Alual-no Silicalte P•SR- I! s-AS< c71• 11*9.6 1*.2,8 166.25 1.511.5576
Alualno Silioate :'•Sa-r AS 21* 261.O11.4.16

.llaio ilcae I3-1I £39 1*01*'.o2172.12 1.5580 1.5576 6023 an itee ••-I! A-9lO1 .•170.27 1.558 1.5 76Ai laino Silicate .•S•*R-I £5.0- 1*O 115,.0 1*. 15 165.7`3 1.5580 1.9•7"Mean Keen Mean Mean
167.2 1.5250 1.5576 587

SD
2.5

Cheaoor 24358~q-? ! -1 1*01*76 269.2 10.55 15;0.36 1.* 127 1.5119 B""no M4 : 0-2 4121 272.8 10.69 161.73 1. •1 2 1.5122=•.aoo t S.-1 AS3 1,5 269.6 0o.57 165IN 1.5150 1.,120 52uai:or 11- t DSR -1- V*231 261.6. 10.33 1,79 1.514 1.512 5g9
bAamcor 3038-I CC-S5 41751 266.0 10.13 16.56 1.551 01.5125760 5
Alhumior 21DSt-I ;C--6 126 27. 10.71* 168.11 1.5101 1.5121

2717. 10665 1 .1-2 1.5121 1*8
checmor :osItI 12- 6 274 162.12 1.5180 1.5126

lo 7185:.? .zoz.1o 17
Chaueor 3D51-I tC1 :-9I3 268.6 10.18 182.12 1.5130 1.5119 76 5
Cheacor 301SR-I 1 AS2 15.0

126.22 1.5127 1.5120.he*:or N058-I cc-i0 1#0499 259.6 10.02 17.
Chmeaor MDS3-I CC-12 1*8164 270.0 10.58 17801. 1 1.5110
.he ;or XDS8-1 C-1 480 270.6 10.62 17. 1.5130 1.5122 128

Chea:or 4D3S-I CC- 11241 262.6 10 1

07.0 10. 1 1791'.16"2 7 1'012. ,315120 4"•Chemor MD)SR.-1 CC-5 I I5 600t 10- .5 1 0 1.512010
•.h morMDSR* I CC- -26 27 .0 10.6 1.12ChM4or :4S• Cl •,2226.79 1Al.l 1. 1 11.5•122 462

Cheor :R-I CC-19 4"61 261.6 10.275 190.25 1.51 2 1.5120 1386
chea:or MS3-I CC-20 1*3018 272.8 10.69 157.69 1.51301.5120 1*02

'seHar Hmean Mean165.47 1.0 1.5121 162

13.

Ch:!rcle I? )V5-I 1C-2 n 5. 10.95 8 .21. 1. 51 215123

-o=Lt I 13• * 02 1. 11.97 178.• 1.,1` (1:1, 172
Her- ulite I. :rMSR-I 1 513 21.2 10.60 160.22 1.512 1.511 2
her I I! :4sD - i C •.609'1 66 11. 1 87 : 1: 2 1 411 92hor II ,038-I 11-5 4B7P 16.6 11.97 180 32 1.5151 1,58
her eul te I! : 05*-I .- 6 58626 065 2.7 1 5 19 20 .2 51 1. 5 1208

C,:.:r ýOS. ! I"' CC;7 14 6921..b.F 189 1 152

h ::!:r.6 IIS5-I 11 11.91 25.176 08 1.5 1 1.51 21 419ieorouli7te I1 ;458- 3 1, 11. 1.5123.He.or, !! 3-I CC-9 97 2.6 11.2 11. 201o.77 1." 1 0:1.52

Coresi. I 3 R-I ,-li 960 21.2 180.2 5 1. 51: 1.51231*
Me*rl I-I. I 11-10 318 07.8 5.6 15 1.51* 1.02

Heraul,. iI PO•-I 1-12 6 10.2 11.72 1 21,11_ * 11
Itorc"ulie I!I 34D358-i -•iW.8 i92.6 1.•15 .112 5162er2lie 16o~I ;g.4 120. 1. 152 3121 518llt,14)SR-I H-15 1656260 122 7 15 47H.r.,o 1,. , I 30,-1 -2-16 9105 1:6 2. 11.812 151 1:51143 50

lHorer lte II .MDSa- I H-1 51332 11.8 11.79 11.151 2.516
Her ulite 1 MD318-I H-8 50177 120.4 11.1 -' 1.5 11*0 16
Herculite II MD5*-I 51-20 160.2 1.1.152 .5140
Hercul.te 11 3,,,-I 113-9 59117 : 2 11.1" 1.11*2

a 1:771 .:51 1*

ean Moean Mean Mean189.,3 1.51 3 1.5112 501

11.

Legends nlU. 3w•faca index of refraction for light polarized parallel to the plane of the surface.
n- S urface index of retraction for light polarized perpendicoular to the plane of tho surfaco.

Sd - Standard Deviat12on.

gulie MDH 1 2 611.72JB.9 18



the critically reflected image of the ,ar..Te ýr-g exPined. Fcr a stressed
sample, two images will. be fcrmed, one .r-re >AJ.g t--- and the other

oepondiz.g --ne sur!ace refrac"2ive index is given by

n - iN2 _ Ein2

where N is the prism index of the stress i.nstrment and i e

•.e intrnen, ad is the emergent

angle of the prism for a given sample, i.e., the -a&grp at which the light
leaves the prism as measured fromr the nrormal.

The surface indices for the smaller. 2 x - in., samples were measured
by reflected light of the proper polarization using a Bausch and Lomb, Abbe- ý
Refractometer. The proper polarization was a-ttaind by fitting the eyepiece
of this instrutment with a polarizing filter. By rotating the eyepiece 90*,
the two indices, n,, and n,, were measured direoti,.

The difference between- the two surface .ref.-actCive indices, n, - nL, can.
be measured directly with the DSR in terms of eyepiece units. The ftllowing
factors apply to each glass type and their respective stress instrument:

Type I MIL-G-25667 g2ass using the DSR, 1.12 x '0-6;
Chemcor glass using the MDSR-I, 3.92 x 10- 6

Herculite !I glass using the M.DSR-I, -.z8 x 10-6.
Alumino Silicate glass using the IDSR-II, 2.86 x 106.

By multiplying the stressmeter reading, expressed in everiece urnits, by the
proper factor, as determined above, we get the absolute salue of the index
change directly. These converi..n fa,,, are good only in the index ranges
listea in Table 6.

DESTRIXTIVE STRENGTH TESTrS

Testing Methods

The beam loading method involved loading to breakage of 3 x 13 in.
specimens supported 1/2 in. from either end and loaded at the two points
4 in. from the supports. In the concentric ring riethod, a square plate was
loaded by a circular member which moved coaxially to the support ring.
Three different pairs of ring sizes were u•ed or. three different sample
sizes: 3 and 6 in. diameter rings with 6-l/8 in. square samples; 6 and
12 in. diameter rings with 12-111. in. square samples; and 1-1/2 and 3 in.
diameter rings with 4 in. square samples.

Both the beam loading and the ..on.entric ring loading methods were used
on the Type I MIL-G-2566T glass; then, on the basis of the results, the
concentric ring method was selected for the other glass types. The concentric
ring method was preferred over the beam loading method because of the large
number of edge breaks encountered in the latter method. The evaluation of
the strength of glass is a relatively comp'cated problem; It is know that
the strength depends on a numiber of various edge and surface effects. There-
fore, if the strength of glass with a specified surface treatment is to be
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determined, it is necessary that the measured strength be characteristic of
the Properties cf the sur+fc'e ver a&• -o-- c..nta. • rrors.

a possible effect of a weakened edge. The ._orn'ent-ic ring method, of proper
....e-, .. cludes.to effctco oed defe:lý from t.e results or strength
measurement s.

In reference to concentric ring tes':s of proper design, it was initially
intended that only the • and 6 in. diameter rings be used to test the Type I
"MIL-G-25667 glass in a-.- thicknesses, however, a large nirmber of edge breaks
were encountered in the testing of the 1/2 in. and 3/4 in. thicknesses. As
-his testing method is intended to eliminate the edge effects during strength
measurements, larger samples were prepared to determine if this may hrave been
the result of the =a!' sample size relative to thickness for these groups.
Samples 12-1/4 in. square were tested on a 12 in. diameter support ring with
a 6 in. diameter load ring. The results show that this corrected the prohlem.
Another way to eliminate this type of break would be to have the sample extend
beyord the support rng y•. a greater amount. When the latter method is used,
however, correctimons for the overhang have to be included in the calculation
of the breaking stress.

Testing Techniques

Specimens having cut edges werc broken with the cutter marks on the side
under compression. This surface was taped in order to preserve the origin
of failure. Loading rates were in the range '0f O00O to 15000 psi per minute
depending on the available loading rates of the testing machines used. The
loading rate used for a given test, however, was held constant to within
+1000 psi per minute. 'When Possible, a loading rate of 5000 psi per minute
was used. These are the loading rates which were maintained during the latter
half of the destructive tests. When necessary, in order to keep testing times
within a reasonable length, specimens were fast loaded to approximately 50*
of the rupture strength. The temperature and humidity were held within
certain limits during the tests and at least 48 hours previous to the tests.
The temperature was maintained between 70_750 F and the relative humidity
did not exceed 5,0%. A minimum of 20, and in general, 25 samples were tested
for each category listed in Table i. Approximately 50 samples, however,
were used in the testing of glass types Chemcor and Herculite II.

Each sample was examined for defects which could possibly affect its
strength. Samples whici' contained defects that are not normally representative
of that type sample werc rejected.

The location of the fracture origin and the direction of the maximum
stress were noted for all samples. If a fracture origin occurred outside of
the area of maxiunm stress, the breaking s-ss was given the value of the
stress at the position of the origin rather than the maximum stress the
sample experienced. The methods used in determining this value of stress
are listed in the following section.

The amount of center deflection of each group of samples tested by the
concentric ring method was monitored in order to detect the presence of
membrane sl es. When the deflection of the center exceeded half the
sample -LhicKness, the degree of membrane stress was est-mated and the breaking
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stress corrected tc eli•inate this effect. Groups of samples for which this
occurred will have both the breaking stress including membrane effects and
the corrected breakiih slvtf'tbz ilzlted in the talvcs -f .. d...... ...... un

results. These tables are contained in Appendix II. This effect was found
to occur only in the thin glass samples which were subjected to high luadb;
q/4 and full tempered 3/16 in.-thick Type I MIL-G-25667 glass; full tempered
1/10 in.-thick Chemcor; and full tempered 1/10 in.-thick Herculite II.

Calculation of Bending Stresses

The data resulting from the destructive tests and the calibration study
was converted into maximum surface stress by use of the following formulas
solved from bending theory(2)(3)(4)(5):

Rectangular Specimens (Beam Bending)

FL (2)
amax. = 3/2'

where amax. = maximum surface stress within stress span, psi

P = load in pounds

L = effective span, i.e., the load span minus the stress span,
in inches

w = width of spezýimen in inches

t = thickness of specimen in inches

Square Specimens (Concentric Rings of 2:1 Ratio)(3)(4)(5)

PUmax. 0 0.545 -

This fcrmula, however. is not corrected for overhang while the following

three are corrected()(5):

1. Formula for 6-1/8 in. square samples on 3 and 6 in. diameter rings.

azmax. = 0511 7
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2. Formula for 12-1/4 in. square samples on 6 and 12 in. diameter rings.

p

10max. = 0.510 T-o

3. Formula for 4 in. square samples on 1-1/2 and 3 in. diameter rings.

P
U3max. = 0.463 -t-

where amax. = maximum surface stress withI-i the load ring, psi

P = load in pounds

t = thickness of the specimen in inches

Corrections for Fracture Origins Outside Maximum Stress Area

The value calculated for the maximum stress at which a sample failed
was reduced by a "fracture origin factor" whenever the fracture originated
outside of the maximum stress area. The graph in Figure 5 was used for the
3 x 13 in. beam loading specimens(i while the graph in Figure 6 was used
for the concentric ring loading specimens(3). In the concentric ring loading
specimens, whenever the direction of the fracture stress was at some angle
to the tangential and radial stresses, the fracture origin factor was estimated
by interpolating between the two curves of Figure 6.

Corrections for Membrane Stress in Concentric Ring Testing

Whenever large deflections are required to cause failure of a sample,
i.e., whenever the deflection at the center of the glass exceeds half its
thickness, a method of estimating the breaking stress which excludes membrane
effects is more desirable than the misleading large strengths given by the
formulas 1, 2, and 3. The theory for the concentric ring loading method
from which these formulas were derived assumes small deflections and pure
bending of the center portion of the plate. Fcr large deflections, the
glass may stretch like a membrane as well as bend, giving rise to membrane
stresses. Since the mathematical methods for treating membrane stresses are
cumbersome and lengthy, an empirical approach was used to estimate this
Affect.

It is known from the existing theory that for pure bending the load is
proportional to the deflection, while for pure membrane stressing the load
is proportional to the cube of the deflection. Thus when a sample requires
a deflection of greater than half its thickness to cause failure, an examina-
tion of the graph of the load versus deflection in the region beyond the half
thickness will show a nonlinearity due to the presence of membrane stresses.
A correction factor for this membrane stress was estimated by forming a
ratio of the linear portion of the load at failure, determined by an extension
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of the linear load-deflection ciirve, divided by the actual. load at failure.
Fur a given group of samples, several estimates o'f the correetion factor
were me~de and the average value used to determine the corrected hrenk1ng
stresses for the entire group. By this method, correction factors ýWere
letennined for the following groups of ceniples which shoved membrane effects:
3/4 and full tempered 3/16 in.-thick Type I MIL-G-25667 glass - a co:-rection
factor or 0.9; full temp.:!red 1/10 in.-thick Themcor and Hercuiite II -a
correction factor of 0.8. Figure 7 illustrates the method as applied to a
sample of full tempcered 1Herculite "II. These samples were tested on "he
Instron Testing Machine which gives a measure of the losd ring deflection
directly.
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INDIVIDUAL TESTING RESULTS

The individual results jf the destructive testing for each type glass
are presented here.

The following symbols are used in this appendix to indicate the location
of the fracture origin and the direction of the maximum stress at failure.

Concentric Ring Testing

- Fracture origin located inside the diameter of the loading
ring.

Ir - Fracture origin located at the diameter of the loading ring.

T 0 - Fracture origin outside of maximum stress area with maximum
stress at failure acting in a tangential direction. Numbers
in the blank before the T indicate the distance in inches
frcm the load ring.

R 0 - Same meaning as above except maximum stress at failure acting
in a radial direction.

T 0 0 - Addit'cnal information contained in the blanik following tne
T indicates the angle to the ta-gential direct-ln at which
the maximum stress at failure occurred. Other symbols have
the same meaning as above.

Or - Fracture origin located over diameter of support ring.

OE - Fracture origin located at edge of sample.

Beam Testing

IC or Ic - Fracture origin located inside the area of maximum stress in
the center portion of the smple, i.e., not at an edge.

IE - Fracture origin located inside the a4ea of maxiP-.un stress,

but a- an edge.

OC - Fracture origin located outside the area of maximum stress
away from the edges. Numbers in the blank indicate the
distance in inches frcm the maximum stress area.

OE - Same as above except fracture origin located at en edge.

Statistical Information

SD - Standard Deviation.
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TABLE 7
INDIVIDUAL TESTINO RESULTS, FULL TEMPER CHENMCOR

sAxPLL sizE 4 x 4 x 1/10 IN., TESTING METHOD 1-1/2 AND 3 IN. DTAKMLTR CONCE?•TRIC RINGS,
TkESTIXG l(AcHinL - rNsTRox, LoADiNO RATE; 15000 Psi/mIN.

Breaking Stress
Averaeo Center Avetage Surface Surface Breaking Fracture Breaking Stress Corrected for

w i ' Thikness Tension MR -I Compression To Center Load Macture Origin With Membrane Membranewoo ly. Pa Redn Pat Ratio lb. Orgi Factor Stress. vel Stress, psi

1 .10110 6509 268.02 671 7.14 1 1 70400 56300
*TIo3 6 s2 5 96 69900 55300103 2 2go.6 3J.54
.0980 68 2 .6 158 6.61 1 10 I 1 69300 55500
.1049 6297 262.6 15535 7.23 1516 I 1 63800 510009 .0987 6715 2741.1 1T7 7.09 I 1 1 46200 000

10 .1035 6361 270.2 1568, 737 170000 600011 .101 6138 269. 11671 7.61 16 1 1 70800 5600
12 .101 7 11g0 9 62187 I 1 71700 7 -

73 21 Z1 00 1702 1 1 62800 5800
. o101163 3 2;4.6 6.6 1;66 62800 50200

15 .09(5 6635 259.0 11911 6.77 1210 1 1 58000 610oo
16 .00 301.6 522 U7 1318 I 1 54500 11600

1 .1060 MOT I 8 20h.19 1900 Zr 1 30120
I .1011 7260 258.6 N1841 6.17 11111Z 1 7500 5960020 .1011 6791 26.0 4390 6.53 1538 I 1 65800 52600
21 .1038 7034 266 457e8 6.5o 1701 I 1 73200 58600
22 .1001 7239 212.6 43107 5.95 1366 1 1 62800 50200
2 .1055 5992 308.2 4112 8.92 1;26 I 1 71900 57
2 .1003 7223 265.8 U6090 6.38 1 18 1 1 66700 Z3400
2 1052 6635 268.8 16610 7.02 1232 1 1 51600
26 .1052 5(13( 303.6 2644 8.86 1831 I 1 76800 61400

2 .1050 6119 271.2 417026 6.9 1570 1 1 418oC51028 oo6 7200 26;.0 46298 6.13 1616 1 1
2n 1026 7161 26 .6 16228 6.1,s 1200 I 1 002 003n .1016 7051 26T. 46367 6. 138 1 16 5160031 ini8 7070 264.6 45882 6. 18 1550 I 1 700uo 56000
32 .104,0 687 249.1 43216 6.29 1092 1 1 76800 11o00
3 •oQ 7136 266.1 1 4194 6.19 1728 I 1 80800 64700

:(nQZ 62 192.6 339 5.20 11811 1 1 5550035 .10412 6796 259.2 r95 .63 1166 I 1 49500 3980036 67 262.2 56 6.7 10 4 I 63600 509006O 17 257.8 6.7 160, I 6860 ,037 6 L 
1 60 54900.1021 6817 250.8 4 111903 .121 685 250.8 439 6.5 1486 1 1 66000W0030 .105o 587- 251. 4•59••. 60820 8600

.1041 53 311.1 53997 9.25 1696 I 1 71700 57100
111 .1006 6069 182.4 3162 5.21 6 1 1 45600 3650042 .1U4 g812 304., 781 16'22 1 6900

115 .009 726o 26N46 2 6.31 1386M 1 61000 52506 .•106 6965 254.2 78 1676 1 71000 001 .1035 59 j 1317.1 5 92 12561 Ir 1 67700 51103. 9O3 9.20
2 Z.43 1810 1 1 75100 60100.103 7 260. 513 1 1490 I 1 63100 5070010 .lO021 6826 250.2 135J 6.36 1120 I 1 19700

50 .1003 5861 223.0 6 6.59 1256 Ir 1 57800 620051 .0Q03 7109 251.6 ?118 6.21 1420 Ir 1 66700 53400

Mean Mean Mean Mean Mean
6530 115770 7O07 63970 51180

SD SD
9030 7230

High High
o00 6470U

Low Low
45600 36500
Range Range
35200 28200
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INDIVIDUAL TESTING RESULTS FULL TEMPER HLRCULITE II
SAMPLE SIZE 4 x 4 x 1/10 IN. TESTING MUVTHOD I-1/2 AND 3 IN. DIAMETER CONCENTRIC RINGS,

TESTING MACHINE - INSTRON, LOADING RATE 15000 PSI/MIN.

Breaking Breaking

- Average Center .'verage Surface Surface Breaking Fracture Stress pat Stress psi
Samole Thickness Tension MDSR-I Compression To Center Load Fracture Origin. With Membrane Corrected for

No. in. psi Reading psi Ratio lb. Origin Factor Stress Hembrane Stress

1 .1000 6075 290.0 5k9 7.87 1880 Zr 2 8 4Too 6T700
2 100 708 21.2 5J124 7 5 59 Ir 1 82200

0 607 209.2 5r6 7.8 1o Zr 1 82200
.1012 6975 281.8 35 ;:65 1746 I 1 o8900 631oo

1018 6919 294 8 OT 1798 I 1 ;9300 6 200
.1011 6975 V6.2 57964 8.31 1618 Zr 1 73300 58600

000oo8 6919 296. 56 1 8.11 1H90 1 1 00000

:1608 6975 303.4 5743Z 82 11r 1
.1006 6975 22.6 553 1 1920 Ir 1 87500 70200

10 .1016 6919 29.6 5578 .06 2160 1 1 96800
11 .1000 7031 293.8 55616 7.91 2000 1 1 760

12 .09o6 7031 295.6 55957 7.96 1756 x 9000 65500

13 1005 69T5 308a4 8380 8.037 178 1 1 81600 65300
.1010 6975 296.2 56071 1852 Ir 1 84OOO 67200
.008 7031 2904 54973 7.82 I5 I 1 80100 6r 100

.100 7031 290.6 17 .6 Z 1 090OO

1N 1019 760975" 309.2 R321876 1 1 8360069081 2 Ir 1 66o69200

17 :1019 6919 285.8 7. 9102r
S.1005 0 305. 57o1 8168 O2o Z 1 83700 66900

2m 1037 7594 321.2 6803 8.01 2040 1 87900 70300
21 301.8 57131 8.13 85 Z 1 8,700 67700

22 .100 708558 30 5754T 8.12 22 1 2 102900
lO. 6 6581 287.2 5436T 8.26 1988 Zr I 8o10o 67300
2 1056 6581 306.8 58 8.82 1920 Ir 1 79600 63700

25 .1052 6581 315.6 3 9.08 2150 Ir 1 90000 72000
26 103 6525 321.2 72500

2; in8 6 303. 50Z5 12 1 90500T20
2ý 6 ~ 355.8 5 10.12175 I I 90600 72

72 70.1 1 T3005
20 6638O 300.2 N6 1r 62

3n .0091 7031 340.8 64513 9.18 1708 1 1 80500 6400
31 .0008 675 288.8 5OO8 1602 1 1 1

32 .1005 6919 297.20 56222 .13 1802 1 1 6 66100

1007 6qlci 289.6 54821 7.92 2020 Z 1 9 73W

.101k 66' 2882 54556 7.957 1482 1 1 6800 o00
Oq 6M• 285.8 54102 .79 1780 I 1 82700

:1000 6919 293. 55541 1912 1 1 87000 69600
3; .1009 6919 302.0 57169 8.2 1932 Z 1 87900 70300

.1012 6919 307.2 558153 8.40 1776 Z 1 80300 6t300
0 .1012 6919 295.2 55881 8.08 38 Ir 1 83100 500

.1018 6863 282.8 5353 1536 I 1 6870041 .O101 6863 296.4 561 .1:8 21 1 1 850 80

.1013 1Oi 2.6 557 8.06 190 Z 1 02 63004? .01 6863 301.2 0o17 83190 r170690
:1011 6863 318.2 017 I.8 1704 1 1 76 o 61300

45 .1016 6863 29:.8 o5 8.13 2065 Z 1 92700 74200
%F .0o96 714 2 7.85T2500 Zr 1 116800 93400

781 313.6 5932? 7. 9 1 1 81600 65300
k 10~ T42 312.0 59062 7.5 119N 1 1 990 900

n .100 708M 3-7.2 60046 ;.#? 2814 1 1 662
50 .1008 7088 289.4 54783 J.73 1720 I I
51 .100I 6919 311.2 58910 .51 165k 1 1 75000

Mean Mean Mean mean Mean
6950 56970 8.21 83790 67010

SD SD
8170 6540

I~o & '100

Low ow
66800 53o00
Range Range
50000 30000
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